Abstract-Temperature monitoring for energy generation systems plays an important role for the control of overall safety and efficiency. To run the energy system at optimum operating conditions, it is important to measure the real-time temperature. Furthermore, harsh environment temperature sensing is desired, since most sensors in energy systems are exposed to high temperature, high pressure, and corrosive environments. Lithium niobate (LiNbO 3 ) has high Curie temperature (1210°C), thus making it promising to be used as a sensor material for high-temperature applications. In this paper, a study has been conducted to actively measure the temperature up to 450°C using a pyroelectric ceramic LiNbO 3 as a sensor material. A 1 cm × 1 cm sample of LiNbO 3 ceramic with 0.2 cm thickness was prepared as a sensor. The LiNbO 3 sensor and a K-type thermocouple were placed inside a tube furnace to sense the temperature. Different temperature setting conditions were applied to the sensor, including slow heating rate, high heating rate, and steady-state conditions for prolonged time period to validate readability and repeatability of the sensor. Temperatures were calculated using current generated from the sensor upon heating or cooling. The calculated temperature from the sensor was compared with the temperature measured by the K-type thermocouple. A range of deviation from 2% to 11% was found between the temperature measured by LiNbO 3 and thermocouple.
I. INTRODUCTION
T EMPERATURE is one of the most important thermodynamic properties measured and controlled in energy generation systems. Continuous monitoring of real time temperature can lead to enhanced efficiency in these systems. This can be done by maintaining an optimum temperature that accommodates system safety parameters and maximize output [1] . Most components within an energy generation system including the coal gasification unit or gas turbine may experience high temperatures (>1000°C), high pressures, and harsh environments. An accurate temperature probe capable of continuous monitoring in this harsh environment is critical to prevent structural and functional failures [2] - [4] . Few technologies are capable of withstanding continuous monitoring of temperature in this type of environment and is part of motivation of the current study.
There are different intrusive methods [5] available to measure temperatures from low to high including gas thermometry, liquid in glass thermometers, thermal expansion of solids, electrical resistance devices, thermoelectric devices, fiber optic probes, semiconductor devices, and capacitance thermometers. Furthermore, different factors like sensitivity, accuracy, sensing material and cost, all play important roles for selection of the appropriate method for different applications. Among these, thermocouple and resistive thermometry are the most widely used. Thermocouples use the Seebeck effect to measure the temperature and are suitable due to their size, robustness, simplicity, and low cost [5] . The Seebeck effect is the electromotive force generated due to temperature difference between two ends of two dissimilar conductors [6] . Thermocouples have some limitations in terms of temperature range, sensitivity, accuracy and service life. Thermocouples have a lower accuracy than resistance thermometry as they need independent measurement of junction temperature and the two homogeneous but dissimilar conductor materials that are chemically compatible to avoid any corrosion [7] . Resistance thermometry uses the temperature dependence of electrical resistance of conductive material to measure temperature between −260°C and 962°C. Theoretically any conducting material can be used as a resistive temperature sensor but the limitations for selection of materials are considered in terms of large temperature of coefficient of resistance, cost, and resistance to oxidation [5] . Practical limitations of existing intrusive temperature measurement methods emphasize the strong need for high temperature sensing in a harsh and hostile environment [2] , [8] , [9] . This paper shows the measurement of temperature from room temperature to 450°C using the pyroelectric properties of a lithium niobate (LiNbO 3 ) ceramic. Lithium niobate is a pyroelectric material which has strong temperature variation dependent spontaneous polarization and loses its pyroelectric property when it is heated above its Curie temperature [10] , [11] . Pyroelectric materials have been used many applications including thermometer for low temperature applications, energy harvesting, monitoring indoor objects, tracking motion direction and distance based on a pyroelectric infrared sensor thermometer [12] - [15] . Among different types of pyroelectric material, lithium niobate has higher Curie temperature (1210°C) than PZT and PVDF, which makes this material promising for high temperature measurement applications.
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Pyroelectricity is a phenomenon of certain materials showing temperature dependent spontaneous polarization. Both increasing and decreasing of temperature cause the changes in energy of atoms, crystal structure, and material polarity [16] , [17] . During change in temperature, the pyroelectric material polarity changing maintains a net polarization which is proportional to the charge per unit volume and these charges accumulate on the surface of the material [18] . Generated current (I ) through a homogenous pyroelectric material with temperature T at any time (t) is presented in (1):
Here Q is the generated charge due to the temperature change, p is the pyroelectric coefficient, A is the electrode surface area and dT dt is the rate of temperature change with time of the material. By integrating (1) for a certain period of time the generated charge can be determined by (2) [19] :
Equation 2 shows that the generated charge depends on temperature difference between the initial and final temperature instead of rate of temperature change with time. Equation 2 can be rewritten into (3) to calculate the temperature of pyroelectric material at any specific time.
Here T i is the initial temperature of the pyroelectric ceramic material at time t i , and T f is the final temperature of the material at any specific time t f . For most of the testing, the initial temperature (T i ) can be used as room temperature if the testing starts at room temperature. The pyroelectric coefficient ( p), electrode area (A), initial temperature (T i ) and the total amount of current (I ) generated by the material for a period of time (t i to t f ) are used in (3) to calculate the final temperature (T f ). In this study, a LiNbO 3 sensor was placed in an environment so that it can experience different rates of temperature changes with time. To heat the LiNbO 3 sensor, a silicon heating pad, oven, and tube furnace were used. Once the LiNbO 3 sensor experience a rate of temperature change with time, the sensor generates a current. Numerical integration with Simpson's one third rule [20] was applied to calculate the total amount of current for any certain period of time ( sensor was calculated using (3). Sarker et. al presented the results for low temperature measurement using this technique from room temperature to 100°C for both a heating and cooling cycle [21] . [22] , [23] . Savage [22] conducted dynamic pyroelectric measurements from 25°C to 450°C and the coefficients values were determined to be between −4 × 10 −5 C/m 2• C and −16 × 10 −5 C/m 2• C for this temperature range respectively. The variation of the pyroelectric coefficient can be approximated using a nonlinear relation within this temperature range. This nonlinear dependence of pyroelectric coefficient of LiNbO 3 with temperature has been used with (3) to determine the instantaneous temperature of the sensor.
II. EXPERIMENTAL METHODOLOGY A 1 cm × 1 cm LiNbO 3 ceramic material with a 0.2 cm thickness (Gooch & Housego, Palo Alto) was used as the sensor material to measure temperatures. Electrodes were placed on top and bottom surfaces of the sensor with a high temperature electrically and thermally conductive coating (Aremco, Pyro-Duct 597 C). A high temperature electrically and thermally conductive adhesive (Aremco, Pyro-Duct 597 A) was also used to connect two electrical leads on top and bottom surfaces of the sensor. The two electrical leads were then covered with high temperature ceramic sleeve (Mcmaster-Carr) to avoid any contact between the wires. Fig. 1 shows the sample material of LiNbO 3 , leads connection with adhesive, and high temperature ceramic sleeve.
Resistance heating wire with nickel-chromium alloy (80 % Nickel & 20 % Chromium) was used as electrical leads (Omega Engineering, Omega NIC-80). Both coating and adhesive can withstand up to 927°C, resistive heating wire can withstand 1150°C, and the ultra-high temperature ceramic sleeve can withstand up to 1400°C. The Curie temperature of the LiNbO 3 sensor (1210°C) along with high temperature resistive coating, adhesive, electrical leads, and ceramic sleeve make an appropriate sensor setup to be used for high temperature applications. The two electrical leads were connected to a picoammeter (KEITHLEY 6485) to measure the current output from the sensor material once it experiences a rate of temperature change with time.
The LiNbO 3 sensor was first subjected to low and high rate of temperature changes with time using a silicon heating pad and then in an oven at low temperature range. These two experiments were conducted to test the readability of temperature by the LiNbO 3 sensor at a low temperature range (between room temperature to 100°C) in different conditions, e.g. low rate of temperature change and high rate of temperature change with time. For low rate of temperature change with time the LiNbO 3 sensor was placed on top of a silicon heating pad. A surface thermocouple was mounted on top of the sensor to compare with temperature sensing reading from LiNbO 3 . The LiNbO 3 sensor was subjected to experience temperature change from 22.50°C to 27.75°C within 650 s with an average rate of temperature change of 0.008°C/s and maintained steady state condition for the next 700 s for steady state sensing characterization. As the sensor was experiencing very low rate of temperature change with time, a bottom surface thermocouple was not placed. A bottom surface thermocouple act as a thermal barrier between the heating pad and sensor. The difference between the bottom surface and top surface of the sensor is due to the thermal resistance of the sample. The authors have performed a previous study where a sandwich structured sample with top and bottom surface thermocouple was investigated [21] . Fig. 2 presents the heating pad experimental setup for the low rate of temperature change with time of the LiNbO 3 sensor.
For high rate of temperature change with time experiments, an oven was set at 100°C. Once the oven reached 100°C, the LiNbO 3 sensor was placed inside of the oven along with a surface thermocouple through a small opening in the oven. In this test, the LiNbO 3 sensor experienced high rate of temperature change with time as the oven inside environment was already at 100°C. The surface thermocouple reading reached 81°C within 190 s with an average rate of temperature change 0.3°C/s and remained steady state for the next 1600 s for steady state sensing characterization. Fig. 3 shows the For the high temperature tests from room temperature to 450°C, the LiNbO 3 sensor was placed inside of a tube furnace (MTI Corporation, OTF-1200 X-S-UL), Fig. 4 . The temperature of the tube (5 cm diameter) furnace was set with the help of PID automatic control. The temperature can be set for 30 different programmable steps and reaches a maximum 0.33°C/s heating rate. Experimental tests were done by setting the tube furnace temperature from room temperature to 500°C with two different heating rates of 0.25°C/s and 0.33°C/s. A K-type thermocouple rod was also placed near the LiNbO 3 sensor inside the tube furnace to compare with temperature sensing reading from LiNbO 3 . The two ends of the tube were open to the atmosphere to avoid any pressure built inside. The two electrical leads were connected to a picoammeter (KEITHLEY 6485) to measure the current output from the LiNbO 3 .
As the K-type thermocouple rod was placed near the LiNbO 3 sensor, the temperature measured by the thermocouple was assumed to be the temperature profile of the LiNbO 3 sensor instead of the set temperature of the tube furnace. The generated current from the LiNbO 3 was used to calculate the temperature of the LiNbO 3 sensor and compared with the temperature measured by the K-type thermocouple rod.
III. RESULTS AND DISCUSSION
Experimental results are shown here to determine the temperature in low and high rate of temperature change environments with time. The LiNbO 3 sensor was first tested at a low temperature range (up to 100°C) and later at a high temperature range (up to 450°C). Fig. 5 and 6 show the results of temperature measurement at low rate of temperature change with time. Fig. 5 shows the generated current (dotted line) by the LiNbO 3 sensor while on top of the silicon heating pad and experiencing low rate of temperature change with time (an average rate of .008°C/s) until 650 s and remained at steady state condition for a prolonged time period within a small temperature range from 22.50°C to 27.75°C. The Solid line in Fig. 5 is the temperature measured by the surface thermocouple on top of the LiNbO 3 . In this specific condition, the generated current from the LiNbO 3 was used to calculate the temperature of the sensor and compared with the temperature measured by the thermocouple. Fig. 6 shows the comparison between the temperature measured by the LiNbO 3 sensor (dotted line) and thermocouple (solid line) for a low rate of temperature change with time and a maximum 2 % of deviation was found between the two measurements at steady state condition.
Before the temperature measurements for a high rate of temperature change with time were done, the oven was set to 100°C and maintained at a steady state condition for a prolonged time period. The LiNbO 3 sensor along with a surface thermocouple attached on top of the sensor was then placed inside of the heated oven through a small opening. The surface thermocouple and the sensor were placed in the middle of the oven which was far from the oven's mounted thermocouple. Due to distance between the oven's thermocouple and surface thermocouple, the surface thermocouple was showing a lower temperature than the oven's reading. As the surface thermocouple was attached to the sensor, the temperature of the surface thermocouple was taken into consideration to compare with the temperature sensing reading from LiNbO 3 sensor. Both sensor and thermocouple experienced high rate of temperature change (an average rate of 0.3°C/s) until 190 s and remained at steady state condition for a prolonged time period. Fig. 7 shows the current generation (dotted line) from LiNbO 3 sensor for a high rate of temperature change with time and temperature of the thermocouple (solid line). Fig. 8 shows the comparison between the temperature measured by the LiNbO 3 (dotted line) sensor and the surface thermocouple (solid line) for oven test. Since the surface thermocouple has a lower thermal mass, hence lower response time compared to the LiNbO 3 sensor with dimensions of 1 cm × 1 cm × 0.2 cm. The surface thermocouple shows a sharp temperature change until it reaches a steady state condition. There is a maximum 4 % of deviation between the temperature measurement by the LiNbO 3 sensor and the thermocouple during steady state operating condition. For temperature measurements done at the high temperature range (up to 450°C), the LiNbO 3 sensor was prepared using a high temperature resistive coating, adhesive and ceramic sleeve (as shown in Fig. 1 ). The LiNbO 3 sensor was then placed inside of a tube furnace, Fig. 4 , along with a thermocouple rod at room temperature condition with both ends of the tube open to the atmosphere. Later, the tube furnace was set at different operating conditions from room temperature to 300°C, 400°C, and 500°C respectively. At every operating condition, the thermocouple rod temperature readings were less than the set temperature of the furnace because the thermocouple rod was not at the same place as the furnace mounted thermocouple. As the thermocouple rod was placed close to the LiNbO 3 sensor, the temperature measured by the thermocouple rod was taken into consideration to compare with the temperature sensing reading from LiNbO 3 sensor. The current generated from LiNbO 3 sensor at different operating conditions was used to calculate the temperature of the sensor using (3). Fig. 9 to 11 show the comparison between At every operating condition, the furnace temperature was maintained at a steady state condition for 600 s after it reached at highest set temperature for steady state sensing characterization. A temperature comparison between the measurements of the LiNbO 3 sensor and the thermocouple rod at three different operating conditions is shown in Fig. 12 . At the first operating condition, Fig. 9 , the thermocouple and the sensor measured the temperature of 279.06°C and 284.85°C, respectively while at steady state condition. A 2 % deviation was determined between these points during steady state condition. For the second and third operating conditions, Fig. 10 and 11 , the measurements between the thermocouple and the sensor deviated by 9 % and 11 % respectively at steady state condition. Since the two ends of the tube furnace were open to the atmosphere, convective heat transfer losses due to high temperature gradient impacted the magnitude of measurements between the thermocouple and sensor and deviation increased with increasing temperature.
IV. SUMMARY AND CONCLUSIONS A LiNbO 3 material was used as a sensor to measure temperatures up to 450°C. The LiNbO 3 sensor was placed in different types of heating environments including a silicon heating pad, oven, and tube furnace. Different operating conditions were applied to the sensor including low, high heating rate, and steady state conditions for prolonged time periods. In all operating conditions, electrical current generated from LiNbO 3 due to rate of temperature change with time was used to calculate the temperature. For this calculation the non-linear relationship of pyroelectric coefficient was used. Temperatures were also measured using a K-type thermocouple alongside the sensor for comparison. Experimental results show the accuracy and response rate of the temperature measurement by the sensor at both low and high rates of temperature change with time. The sensor can measure temperature at both low and high temperature ranges from 22.5°C to 450°C. The sensor can measure the temperatures up to 450°C with a maximum 11 % deviation from the temperatures measured by the thermocouple. Overall, the study in this paper shows a methodology for measuring temperature using the pyroelectric properties of a LiNbO 3 ceramic material. Hence, it is possible to measure high temperatures using LiNbO 3 , providing the pyroelectric coefficient profile with respect to temperature is known. This study is thought to be of interest for developing high temperature sensors for various industrial and commercial applications. 
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